Despite the common occurrence of POI and its impact on patients and healthcare systems, the precise aberrations in motil-JNM J Neurogastroenterol Motil, Vol. Post-operative ileus (POI) is an inevitable consequence of major abdominal surgery, and may be prolonged in up to 30% of patients. Ileus is commonly presumed to result from paralysis of the GI tract, though there is little direct evidence to support this view. The aim of this review is to systematically search and critically review the literature investigating post-operative colonic electrical and mechanical activity. MEDLINE and Embase databases were systematically searched for articles investigating post-operative colonic motor or electrical activity in human patients. Nineteen original articles investigating post-operative colonic motor or electrical activity were identified. Most studies have used low-resolution techniques, with intermittent recordings of colonic motility. Numerous studies have shown that colonic electrical and motor activity does not cease routinely following surgery, but is of abnormal character for 3-6 days following laparotomy. One recent high-resolution manometry study identified hyperactive cyclic motor patterns occurring in the distal colon on the first post-operative day. Low-resolution studies have shown colonic slow waves are not inhibited by surgery, and are present even in the immediate post-operative period. Recovery of normal motility appears to occur in a proximal to distal direction and is temporally correlated with the clinical return of bowel function. No studies have investigated motility specifically in prolonged POI. Future studies should use high-resolution techniques to accurately characterise abnormalities in electrical and mechanical function underlying POI, and correlate these changes with clinical recovery of bowel function. 
Introduction
Following major abdominal surgery, a period of impaired gastrointestinal (GI) transit occurs, termed post-operative ileus (POI). Prolonged post-operative ileus (PPOI) has been defined as failure of GI recovery by the fourth post-operative day, as opposed to the self-limiting period of "obligatory POI" routinely occurring for 2-3 days after major abdominal surgery. 1 PPOI occurs in 10-30% of patients undergoing major colorectal surgery, depending on the type of operation and presence of risk factors. Ileus is associated with patient discomfort, prolonged hospital stays, and other postoperative complications, resulting in an estimated economic impact of US $1.5 billion annually in the United States alone.
ity resulting in impaired GI transit are poorly understood. 3 The pathophysiology of POI is multifactorial, involving neural, inflammatory, hormonal, and pharmacologic factors that have previously been reviewed in depth. [3] [4] [5] [6] However, little focus has been given to the electrical and mechanical dysfunction linking these factors to the clinical syndrome of POI. Many authors and clinicians have presumed that the entire GI tract is paralysed post-operatively, reflected in the common use of terms such as "paralytic ileus," and "adynamic ileus." 7 These terms reflect the common belief that all POI occurs due to paralysis, though recent work has begun to challenge this view. [8] [9] [10] Additionally, most authors have considered "obligatory POI" and PPOI as part of a continuous spectrum, although others have proposed that these conditions have differing mechanisms and pathophysiology, and may also result from dysfunction in different parts of the gut. 11, 12 Furthermore, the stomach, small intestine, and colon each have distinct roles and functions, with different intrinsic and extrinsic processes controlling motility, and thus may respond and recover differently following surgery. 12, 13 Several studies have suggested that the colon is the final organ in the GI tract to recover normal motility following surgery. [14] [15] [16] However, prior studies investigating post-operative colonic activity have used a heterogeneous range of techniques and methodologies, leading to inconsistent results and conclusions regarding the pathophysiology of POI. In view of these issues, a critical review of the existing literature is warranted in order to reappraise historical studies, summarize the current body of knowledge, and identify areas requiring further research. The aim of this article was to systematically search and critically review the literature investigating post-operative colonic electrical and mechanical function.
Methods

Search Strategy
A systematic search of the literature was performed in July 2017 using the Embase (1947-present) and MEDLINE (1946-present) databases. The following search strategy was used:
1. ileus.mp OR ileus/ 2. (postoperativ * OR post operativ * OR surg * ).mp. 3. (colon * OR colorect * OR bowel OR (intestin * AND large)).mp. 4. (motor OR peristal * OR pressure OR manometr * OR motility OR contract * ).mp. 5. (electrod * OR electric * OR myoelectr * OR slow wave OR spike).mp. 6. 3 ADJ5 (4 OR 5) 7. (1 OR 2) AND 6 A focused search of the scientific literature was also performed using Google Scholar to identify additional relevant articles.
Screening and Synthesis of Evidence
Titles and abstracts were screened by a single reviewer (C.W.), and a list of full texts for acquisition was developed. Original articles investigating post-operative colonic motor or electrical activity in human patients were included, and evidence from animal models was also used to support human data where relevant. There were no limits regarding the type of operations investigated or methods used, as long as post-operative colonic electrical or mechanical function was reported. Articles solely investigating long-term aberrations in motility following surgery were excluded, as were articles investigating motility following surgery specifically for small or large bowel obstruction. Articles solely reporting clinical recovery of bowel function (ie, time to passage of flatus) were also excluded, as were non-English language articles. Review articles summarising the pathophysiology and management of POI were also scrutinised for further references to primary research. References lists of included articles were manually searched to identify additional studies, including those published prior to indexing of articles in electronic databases.
Studies were summarised in a narrative synthesis, given the heterogeneity of identified evidence. The techniques used to measure post-operative colonic motility were evaluated, as were the specific aberrations in colonic motility reported by these studies. A critical appraisal of studies reporting post-operative colonic motor and electrical function was conducted. No formal grading system was applied to define literature quality, due to the heterogeneity and physiological nature of the included studies.
Results
Article Identification
In total, 4552 articles were evaluated and screened ( Figure) . Nineteen original articles investigating motor or electrical activity were identified and formed the basis of this critical review.
Measurement of Post-operative Colonic Motility
A range of techniques have been used for the investigation of peri-operative colonic motility, including mucosal or serosal record-ings of electrical activity, and intraluminal measurements of colonic pressure or tone. Most studies to date have used low-resolution techniques for the measurement of post-operative colonic activity, 10, [17] [18] [19] with only one identified recent study using high-resolution (HR) manometry. 9 Furthermore, most studies have used recording periods of only 2-3 hours on each post-operative day to track colonic recovery following surgery. 10, 17, [20] [21] [22] Colonic activity is known to vary throughout the day in healthy individuals, and therefore short recording periods may not be representative of the overall recovery of colonic motility following surgery.
23,24
Post-operative Aberrations in Colonic Motility
Transit studies
Classical studies from the 1960's used radiopaque contrast to investigate the recovery of GI transit following laparotomy. 15, 25, 26 These showed that contrast introduced into the stomach did not progress past the pylorus for at least 12-24 hours. 14, 15, 25 However, contrast introduced directly into the small intestine via a nasoduodenal or nasojejunal tube progressed through the small bowel, taking 6-12 hours to accumulate in the proximal colon. 14, 15, 27 The authors also noted that abdominal radiographs taken on the first 2 days post-operatively often showed gas accumulation in the stomach and proximal colon, with little to no small bowel gas. 14, 15, 26 Thus, it was inferred that the small bowel remains able to propel ingested air towards the colon. Subsequent studies have shown the presence of small bowel motor and electrical activity as soon as 2 hours following surgery. 14, 26, 28, 29 However, this finding has never been evaluated in detail using HR techniques, hence it remains unclear whether this represents normal or abnormal motility patterns.
In contrast to the stomach and small bowel, colonic transit is significantly prolonged post-operatively, taking 3-5 days for the return of antegrade propulsive activity in the colon and rectum. 14, 15 Propulsive activity (determined by progression of radio-opaque markers or contrast) appears to recover in a proximal to distal pattern, starting in the right colon, and the sigmoid colon being the final part of the bowel to recover normal transit. 16, 30 In addition, the return of normal colonic transit in POI is strongly correlated with the clinical recovery of bowel function assessed by passage of stool or flatus and tolerance of an oral diet. 31 No studies investigating regional abnormalities of GI transit in PPOI specifically were identified. More recently, preliminary data using the SmartPill to measure post-operative GI transit demonstrated significantly delayed gastric and colonic transit following sigmoid colectomy compared with healthy control data, and a relatively preserved small intestinal transit time of approximately 6 hours, 32 in keeping with these historical studies. Finally, several studies have identified that cecal and right colonic transit is significantly impaired for up to 14 days following formation of a temporary loop ileostomy, presumably due to the proximal disruption in enteric continuity and diversion of intestinal contents. 33, 34 Electromechanical studies Nineteen identified studies investigated post-operative colonic motility following a range of colonic and non-colonic procedures. All but one study used low-resolution techniques for electrical or pressure recordings, and most studies used intermittent recordings of colonic motility throughout the post-operative period. The methods of analysis showed substantial heterogeneity between studies; some reported activity as a motility index, others number of events per unit time, and others as time until occurrence of particular motor or electrical patterns. All identified studies investigated recovery of "obligatory POI" following surgery; no studies were identified investigating the changes in colonic motility or transit occurring specifically in PPOI. A summary and appraisal of the 19 identified studies investigating post-operative colonic motor and electrical activity is provided in Table 1 and Table 2 respectively. In contrast to the traditional view of post-operative GI paralysis, numerous studies have shown that colonic electrical and motor activity can be detected as early as the first post-operative day following major abdominal surgery. However, given the impairment in colonic transit, this activity is unlikely to represent events associated with mass movements of stool such as high-amplitude propagating sequences (HAPS).
The terms "electrical control activity (ECA)" and "electrical response activity (ERA)" have previously been used to describe perioperative colonic electrical activity, though are now viewed as historic, with modern authors generally preferring the terms "slow wave" and "spike" activity respectively. However, these terms are included here for consistency as part of a synthesis of historical literature. A full discussion of these historical terms is provided elsewhere. 35, 36 Multiple studies demonstrated the presence of colonic slow waves (historically termed ECA) on the first post-operative day. 20, 37, 38 This was present at a range of frequencies, usually reported as 2-9 cpm, 9-14 cpm, and occasionally a high range of 20-28 cpm. 20, 28, 37, 39 The dominant frequency identified varied by anatomical location; 2 studies reported 3 cpm activity in the sigmoid colon, 40, 41 whereas other studies found that 9-14 cpm slow wave frequencies predominate in the right, transverse, and left colon during the first few days post-operatively. 20, 28, 37, 38 Analyses of slow wave frequencies over time showed conflicting results. Condon et al 20, 38 showed a downshift from mid-to low-range slow wave frequencies occurs first in the right colon (day 2-3), and then the left colon (day 6-7). Conversely, Waldhausen et al 28 reported an increase of high frequency (20-28 cpm) activity in the transverse colon until postoperative day 5. Spike bursts or ERA representing the occurrence of smooth muscle contractions, was reported more variably. Historical studies have generally classified spike activity as either "discrete ERA (DERA)," defined as spikes occurring in clusters on top of slow waves, or "continuous ERA (CERA)," defined as continuous spike activity occurring across consecutive slow waves. Multiple studies demonstrated the presence of DERA as early as the first postoperative day, suggesting "myogenic" contractions due to slow wave activity return relatively early. 20, 28, 37, 42, 43 CERA, thought to represent neurogenic activity, was usually first detected on day 3-5, associated with long-duration spike bursts, and the appearance of spike activity propagating in antegrade directions in the right and left colon, 38 possibly correlating with HAPS. Similar to other analyses, spike activity generally returned in a proximal to distal manner in the colon. Some studies also reported very high frequency spike activity occurring at > 25 cpm, 44 though the significance of this activity remains unclear, especially as motor activity occurring at this frequency has not been described. Studies investigating pressure activity have also reported inconsistent results. All studies were limited to the distal colon and rectum; no studies used manometry to assess ascending or transverse colonic activity post-operatively. Some studies reported the colon was completely quiescent for 3-10 days post-operatively, 45 while others identified uncoordinated phasic activity occurring within the first day. 18, 19, 22, 46 Conversely, the only study using HR manometry to investigate post-operative colonic motility showed a hyperactive distal colonic response to surgery, characterised by cyclic motor patterns (CMP) occurring at 2-4 cpm, present for up to 90% of the post-operative recordings, and an absence of HAPS. 9 This was observed in 7 patients undergoing laparoscopic right hemicolectomy, and one undergoing an open trial dissection and loop ileostomy, suggesting it may occur as a generic response to surgery. However, recordings in this study were only obtained for 16 hours post-operatively, preventing correlation of this activity with the resolution of POI. Several low-resolution manometry studies also demonstrated increased 3 cpm motor activity in the sigmoid colon following non-colonic abdominal operations, 19, 40 possibly correlating with the hyperactive CMP activity observed by Vather et al. 9 Huge et al 10 reported an increased distal colonic tone following left colonic or rectal surgery, though the significance of this in the clinical context of POI is unknown. Some differences within and between studies may be explained by the types of operations investigated. Several studies pooled results from a range of procedures, thus making it difficult to determine the precise effects of surgical variables on post-operative colonic motility. 20, 28, 37, 38, 42, 47 Wilson et al 21 suggested normal colonic motility recovers more slowly following abdominal surgery, compared with non-abdominal procedures, though no differences in recovery were observed between different intra-abdominal operations (cholecystectomy vs gastrectomy vs colectomy). Other low-resolution studies have suggested that colonic motility is significantly reduced following rectal or left-sided colonic resections, compared with that Colonic activity present for 10-25% of recording duration on post-operative day 1 following cholecystectomy or hernia repair. Low-resolution. trial dissection and ileostomy. Distal colon becomes markedly hyperactive following surgery (active duration 94 ± 13%, vs 22 ± 5% pre-operative, vs 2 ± 4% healthy controls, P < 0.001), with emergence of 2-4 cpm cyclic motor patterns in rectosigmoid region, and an absence of high-amplitude propagating sequences.
Continuous recordings only lasted 16
hr post-operatively.
GI, gastrointestinal; HR, high-resolution. observed following non-colonic surgery. 19, 22 However, the low-resolution nature of these studies has prevented precise evaluation of the electrical and motor patterns occurring post-operatively following different surgical procedures. Furthermore, there may be significant differences in postoperative motility between left-and right-sided colonic resections. Distal colonic motor activity appears to be significantly depressed following rectal or left-sided colonic resections, 10, [17] [18] [19] 22, 45 in contrast to the hyperactive distal colonic response observed following right hemicolectomy and non-colonic surgery. 9, 40 This may represent technical limitations inherent in low-resolution recordings, but may also be due to resection of a "rectosigmoid pacemaker" region responsible for the increased distal colonic cyclic activity observed following right hemicolectomy. 9, 48, 49 This hyperactive cyclic pattern has been hypothesised to act as a functional brake, 48, 50 limiting rectal filling and potentially explaining the slower recovery of bowel function following right-sided compared with left-sided colonic resections. 48, 49, 51, 52 Overall, studies showed that post-operative colonic dysfunction returns to "normal" between 3 and 6 days following laparotomy, with the proximal colon appearing to recover earlier than the distal colon. 20, 37, 38 These findings are in keeping with the transit studies described above, and with evidence from animal studies conducted using similar techniques. 29, 53 However, the precise changes in motility characterising recovery from POI remain incompletely defined. Some studies have shown relatively little change in motility index over the post-operative period, 19, 22 while others have suggested recovery is characterised by a progressive increase in distal colonic motility index. 10, 17 Electrical studies have suggested that recovery occurs in a proximal-to-distal direction, and is characterised by a "downshift" of slow waves from high to low frequency, 20, 38 and a progressive recovery of spike activity, 42 with the occurrence of propagating, likely-neurogenic activity such as CERA closely correlating with clinical recovery of POI on post-operative day 3-6.20,28,38,43 Longterm studies using serosal electrodes showed no difference between motility patterns obtained on post-operative day 5 or 6 and 1 month post-operatively. 28, 37, 38 Pharmacological studies
Most studies did not report the agents used for induction and maintenance of anaesthesia during surgery, and therefore no conclusions were able to be drawn regarding the effects of anaesthetic agents on post-operative colonic motility. However, animal studies have shown that while these agents depress colonic motility, their short half-life generally limits their implication in the pathogenesis Recovery associated with shift from high (9-14 cpm) to low frequency (2-9 cpm) on right and then left, followed by increase in non-propagating and then propagating spike activity in right and then left colon. No changes after post-operative day 6. tosplenic schistosomiasis undergoing splenectomy. 0-9 cpm slow waves present for > 95% of recording period on post-operative days 1, 2, and 3. Short-and long-duration spike activity present on post-operative day 1.
1 hr recordings made twice daily until recovery of ileus. Low-resolution.
ECA, electrical control activity (slow waves); DERA, discrete electrical response activity; CERA, continuous electrical response activity; POI, post-operative ileus; GI, gastrointestinal.
of POI. 54, 55 Several studies have investigated the effects of pharmacological treatments on post-operative colonic motility, but these have largely been limited by the use of low-resolution techniques. Studies investigating opioids have reported variable results, with some studies showing morphine to invoke an increase in the frequency and amplitude of rhythmic contractions, and others showing a suppression of contractile activity. 20, 44, 47, [56] [57] [58] A number of factors may contribute to these differences, including the use of techniques with limited spatiotemporal resolution, as well as variations in use of the term "motility" and whether this refers to HAPS and/or other low-amplitude phasic/segmental activity such as CMP. It has been hypothesised that opioids may cause reduced excitability of inhibitory enteric neurons, resulting in disinhibition of intrinsic myogenic activity and an increase in segmental motor activity, exacerbating the effects of surgery on colonic activity. 59, 60 However, the effects of opiates on GI motor activity have not been assessed using HR techniques, and their effects on the colon and other parts of the gut following surgery remain unclear.
Other low-resolution studies have demonstrated that neostigmine, cisapride, and epidural anaesthesia increase the distal colonic motility index post-operatively, though the precise types of motor patterns stimulated by these interventions and their implications for transit remain unknown. 18, 19, 45, 46 
Discussion
It has been evident since the 1960's that the stomach, small intestine, and colon respond and recover differently following surgery, likely due to their dissimilar mechanisms controlling motility. 13 This systematic critical review of the literature identified a range of studies investigating post-operative colonic motility, which have used heterogeneous methods, and reported variable results, with some studies showing an absence of pressure activity post-operatively, 45 and others demonstrating a hyperactive response in the distal colon. 9 The results of this review demonstrate that reliable data on aberrant motility patterns contributing to POI in each part of the gut remains limited, though the colon appears to be the final organ to recover normal motility at day 3-5 post-operatively. 14, 15, 20, 38 Therefore, the duration of colonic dysmotility may be the rate-limiting factor in the clinical resolution of "obligatory POI" in most cases after major abdominal surgery. 20, 38, 53 Importantly, no identified studies specifically investigated GI motility in patients with prolonged ileus, and the relative importance of the different regions of the gut in PPOI therefore remains unknown. However, the presence of small bowel gas and distension in patients with PPOI, as is also commonly identified in abdominal X-rays, likely implies a different pattern of GI dysfunction. 14, 15, 26 Furthermore, it is interesting to note that most authors consider an ileus to become prolonged on the third to fifth post-operative day, corresponding to the reported time for recovery of normal colonic motility following surgery. 1, 5 Presumably, failure of any part of the GI tract to recover within this time period may result in the occurrence of PPOI, or an exaggerated inflammatory state might intervene to promote PPOI. 3 While transit is impaired post-operatively due to abnormal motility, the GI tract is clearly not routinely quiescent following major abdominal surgery. Colonic slow waves and spike activity have been detected on the first post-operative day, 20, 28, 37, 38, 42, 43 while a recent HR manometry study showed the distal colon becomes markedly hyperactive immediately following surgery. 9 Some authors have even suggested the concept of post-operative GI paralysis should be abandoned; 26 this is clearly the case for "obligatory POI," but it is unknown whether this also applies to patients with PPOI. Acute colonic pseudo-obstruction (also referred to as Ogilvie's syndrome) is a similar, more severe syndrome of colonic dysmotility which may occur post-operatively, though the precise abnormalities in motility underlying this phenomenon also remain unknown. 61 The studies identified in this review had heterogeneous methodologies, which has likely contributed to the marked variability in reported results. The common use of low-resolution techniques has limited the spatiotemporal detail of obtained electromechanical data, and the results of these studies should be interpreted with caution because specific motility patterns may be missed or mis-interpreted. 62, 63 The metrics used to measure motility also varied greatly; use of a "motility index" alone is likely insufficient due to the limited detail it provides about the classes, organization and directions of activity patterns occurring. Dinning et al 62 recently demonstrated the importance of HR techniques in the measurement of colonic motor activity. At 10 cm spacing, less than 5% of the propagating activity observed at 1 cm spacing can been seen, and more than half of all propagating events identified are labelled incorrectly. 62 Therefore, the results of low-resolution studies should be interpreted with caution, given the high likelihood they do not accurately represent the totality of colonic motor patterns actually occurring. The type, frequency, amplitude, direction, and extent of propagating motor and electrical events are important features of GI motility; therefore future studies should ideally use HR techniques in order to accurately determine these characteristics in POI and PPOI. While it is clear that different regions of the GI tract respond in distinct manners post-operatively, this may also be the case for different parts of the colon. A variety of specific slow wave frequencies have been detected in different regions of the colon, and the changes in electromechanical activity characterising recovery appear to occur in a proximal to distal manner. 20, 38 Manometry recordings have been limited to the sigmoid and descending colon, and it remains unknown how the motor activity of the ascending and transverse colon is affected post-operatively. It has recently been shown that the distal colon becomes hyperactive following surgery, 9 though how this relates to the clinical resolution of POI remains unclear, and this should be assessed by future HR manometry studies. There are few feasible strategies for HR electrical mapping of colonic electrical activity post-operatively, hence most studies to date have used bipolar needle electrodes. Prolonged HR recordings may be possible in chronically instrumented animals, 64 but this technique cannot be readily applied to humans using currently-available techniques. Electrogastrography has been applied in humans in HR to record gastric electrical activity from the body surface, but it is unknown if these techniques are sufficiently reliable, and whether similar techniques can be applied to non-invasively measure colonic motility. [65] [66] [67] [68] Serosal HR electrode arrays have previously been used for short-duration intra-operative mapping of both the stomach and small intestine. 69 This technique has not yet been applied to the colon, but could aid in clarifying the relationship between electrical activity and motor patterns if applied in conjunction with HR manometry. An improved understanding of the abnormalities in motility underlying POI and PPOI would be valuable for the development of novel pharmacological therapies or other interventions such as GI pacing or nerve stimulation. [70] [71] [72] Many of the current rodent models of ileus are based on measurements of "obligatory POI" in the small intestine following laparotomy and mechanical manipulation of the small intestine. [73] [74] [75] It remains unclear how accurately this simulates the insult associated with major colorectal surgery in human patients. 6 Experimental animal studies are clearly valuable for investigation of POI and PPOI, though authors should be wary of how accurately these experimental models extrapolate to human patients undergoing abdominal surgery. Few studies to date have considered the pathophysiology of obligatory POI and PPOI separately, and these have largely been assumed to represent a continuum of the clinical syndrome of ileus. 3, 11 However, there is little evidence to support this claim, and it is entirely possible that POI and PPOI result from different mechanisms and different changes in GI motility. 11, 12 No studies have characterised the abnormalities in GI motility occurring during PPOI in humans, and this remains an area requiring further research. It is important to note that the studies identified in the present review represent a profile of "obligatory POI" following laparotomy, and should not be extrapolated to patients with PPOI.
Furthermore, the precise electromechanical aberrations in colonic motility occurring following different surgical procedures (ie, left vs right colonic resection, colonic vs non-colonic surgery, and abdominal vs non-abdominal surgery) remain poorly defined and require further investigation.
There are several limitations of the present review, including the inability to synthesise evidence quantitatively due to the heterogeneity of literature, techniques and outcomes identified. Colonic motility was the focus of the present article, given its putative role in the duration of "obligatory POI." However, post-operative aberrations in gastric and small intestinal motility were not evaluated, and may also be important to an overall understanding of POI and PPOI. 76 Finally, most included studies were historical, and only one study included patients undergoing laparoscopic procedures within a modern ERAS programme. 9 Thus the generalisability of the results from historical studies to current practice is uncertain. In summary, colonic motility appears to be important in the genesis and resolution of POI. Colonic electromechanical activity does not cease post-operatively, and the distal colon becomes hyperactive immediately following surgery. "Normal" motility appears to recover in a proximal to distal direction, and temporally correlates with clinical recovery of bowel function. Future studies should use HR techniques in clearly defined cohorts of patients to accurately characterise the changes in colonic motility occurring in POI and PPOI, and determine how these correlate with clinical resolution of ileus.
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